Abstract Granulin-epithelin precursor (GEP) is an autocrine growth factor that has been implicated in embryonic development, tissue repair, tumorigenesis, and inflammation. Here we report that GEP was expressed in skeletal muscle tissue and its level was differentially altered in the course of C2C12 myoblast fusion. The GEP expression during myoblast fusion was a consequence of MyoD transcription factor binding to several E-box (CANNTG) sequences in the 5 0 -flanking regulatory region of GEP gene, followed by transcription. Recombinant GEP potently inhibited myotube formation from C2C12 myoblasts whereas the knockdown of endogenous of GEP via a siR-NA approach accelerated the fusion of myoblasts to myotubes. Interestingly, the muscle fibers of GEP knockdown mice were larger in number but noticeably smaller in size when compared to the wild-type. Mechanistic studies revealed that during myoblast fusion, the addition of GEP led to remarkable reductions in the expressions of musclespecific transcription factors, including MyoD. In addition, the regulation of myotube formation by GEP is mediated by the anti-myogenic factor JunB, which is upregulated following GEP stimulation. Thus, GEP growth factor, JunB, and MyoD transcription factor form a regulatory loop and act in concert in the course of myogenesis.
Introduction
Granulin-epithelin precursor (GEP), also referred to as progranulin, proepithelin, PC-cell-derived growth factor, or acrogranin, is a secreted growth factor [3, 6, 47, 55, 75] . GEP is heavily glycosylated and appears as a *90-kDa protein on SDS-PAGE. GEP is secreted in an intact form [65, 75] and undergoes proteolysis, leading to the release of its constituent peptides, the granulins [14, 38, 72] . GEP is abundantly expressed in rapidly cycling epithelial cells, in cells of the immune system, in neurons, and in chondrocytes [1, 3, 13, 19, 21, 38, 66] . High levels of GEP expression have been reported in several human cancers, and GEP is believed to contribute to the tumorigenesis of breast cancer, clear cell renal carcinoma, invasive ovarian carcinoma, glioblastoma, adipocytic teratoma, multiple myeloma, and osteosarcoma [5, 14, 20, 23-25, 62, 73] . The role of GEP in the regulation of cellular proliferation has been well characterized. Mouse embryo fibroblasts derived from mice with a targeted deletion of the insulin-like growth factor receptor gene (R -cells) are unable to proliferate in response to insulin-like growth factor and other growth factors (EGF and platelet-derived growth factor) that are necessary for cell cycle progression [54] . In contrast, GEP allows the cell to bypass the requirement for the insulin-like growth factor receptor, thus promoting the growth of R -cells [67, 72] . Increasing evidence has implicated GEP in a number of important biological functions. GEP has been isolated as a differentially expressed gene in mesothelial differentiation [58] , sexual differentiation of the brain [59] , and macrophage development [4] . GEP is a crucial mediator of wound healing and tissue repair [24, 76] . GEP is also found in the synovium of rheumatoid arthritis and osteoarthritis patients [26] . Recently, GEP has been found to directly bind to TNF receptors and plays an important role in inflammatory arthritis [35, 36, 60] . Although GEP has been shown to be a key downstream molecule of BMP2 in the course of chondrogenesis by activating Erk1/2 signaling and JunB transcription factor [19, 21, 34] , its role in skeletal muscle tissue has yet to be investigated.
The development of skeletal muscle requires a host of transcription factors that lead the cell towards the path of myogenic differentiation. These ''myogenic factors'' include MyoD [15] , Myf5 [8] , myogenin [16, 61] , and MRF4 [49, 65] . The overexpression of myogenic factors in some nonmyogenic cell types, such as C3H10T1/2 fibroblasts, can result in the activation of various muscle differentiation genes. In some cases, this can lead to the fusion of myoblasts to form myotubes, one of the hallmark events of muscle differentiation [2, 12, 15, 52] . Differentiation of skeletal muscle requires the irreversible withdrawal of the myoblast from the cell cycle [31, 44, 50] . The HLH domains of MyoD mediate homodimerization, or heterodimerization with another class of HLH proteins, such as E12/E47 [15, 16, 30] , thereby allowing the binding of the bHLH proteins to E-box sequences in DNA [39] and driving the expression of muscle-specific genes [46] . In general, MyoD and Myf5 are expressed in proliferating myoblasts, whereas myogenin and MRF4 are expressed only after the myoblasts exit the cell cycle [42, 46] . The muscle differentiation generally refers to muscle fiber type maturation, and the MyoD protein itself and fiber activity are required for essentially all expression of the 6-kb proximal enhancer/promoter of MyoD in adult fibers [10] . MyoD function is regulated in various ways; for example, phosphorylation of MyoD Ser200 (by CDK2) in proliferating myoblasts accelerates its degradation by the ubiquitin pathway [28, 48, 56] , CDK4 binding to MyoD in the nucleus inhibits its binding to DNA [74] , and acetylation of lysine residues in MyoD by pCAF increases its affinity for DNA, stimulates transcription, and stimulates myogenic conversion of transfected mouse fibroblasts [51] .
Here we report that (i) GEP is detectable in skeletal muscle tissue and differentially expressed during the fusion of myoblasts to myotubes; (ii) this differential expression of GEP is mediated by MyoD, a muscle-specific transcription factor; (iii) GEP regulates myogenic differentiation by reducing the levels of transcription factors important for myogenesis, including MyoD; and (iv) GEP regulation of myogenesis is, at least partially, mediated by the transcription factor JunB.
Results

GEP is detectable in skeletal muscle and exhibits differential expression during the differentiation of C2C12 myoblasts to myotubes
To determine whether GEP is expressed in native skeletal muscle and to establish its subcellular localization, immunostaining for GEP and myosin heavy chain was performed on tibialis anterior muscle of newborn mice. As shown in Fig. 1a , GEP is clearly expressed in skeletal muscle and predominantly localized to the myotubes. The expression of GEP in the skeletal muscle tissue of mice suggested that GEP might be involved in muscle differentiation. The mouse myoblast cell line, C2C12, provides a well-established in vitro model for muscle differentiation, which is induced by culture with low concentrations of serum [69] . The level of endogenous GEP expression during muscle differentiation was determined via real-time PCR and immunofluorescence cell staining. GEP transcript levels were induced early in differentiation, peaked after 3 days of exposure to DM, and returned to near-baseline levels by day 7 (Fig. 1b) . We then used immunofluorescence cell staining to examine GEP protein levels during the course of myotube formation (Fig. 1c) . GEP protein levels mirrored GEP mRNA levels with induction during early differentiation. C2C12 cells cultured in GM demonstrated low levels of GEP expression, with positive GEP immunofluorescence that was mainly peri-nuclear Fig. 1 Expression of GEP throughout the course of myotube formation. a GEP is expressed in newborn mouse myocytes. Newborn mouse muscle tissue dissected, sectioned, and immunostained with anti-GEP antibody (red), and anti-myosin heavy chain (MHC) monoclonal antibody (green). The nuclei were stained with DAPI (blue). b GEP is differentially expressed during C2C12 myoblast fusion. C2C12 cells were cultured in GM. After reaching confluency, the C2C12 cultures were exposed to DM (day 0). At various time points, total RNA was extracted from the cells and the mRNA levels of GEP and GAPDH were measured by real-time PCR. GEP expression was normalized against GAPDH endogenous control. The units are arbitrary, and the relative level of GEP mRNA on day 0 was set to 1. Experiments were repeated three times. Compared to the day 0 time point * p \ 0.05; ** p \ 0.01. c GEP immunofluorescence cell staining. C2C12 cells were cultured in the presence of GM and switched to DM on day 0. At various time points, the cells were washed, fixed with methanol, and incubated with anti-GEP antibodies. Fluorescence from a secondary rhodamine-conjugated antibody was then detected (red). The nuclei were stained with DAPI (blue) (Fig. 1c) . During differentiation, GEP protein expression increased and GEP became diffusely expressed in the cytoplasm (Fig. 1c) . These data suggest that GEP expression is coordinately controlled throughout the process of myogenic differentiation.
MyoD binds to the E-box sequence (CANNTG) in the GEP 5 0 -flanking region
Having determined that GEP is differentially expressed during myogenic differentiation, we next sought to elucidate the transcriptional control mechanism of the GEP gene. A 1.9-kb segment from the 5 0 -flanking regulatory region of the human GEP gene (Fig. 2a ) was found to contain at least five E-box sequences (CANNTG). In addition, these E-box sequences are conserved between human and other mammalian genomes and Fig. 2b shows the most proximal E-box sequences of several mammalian genomes available in the GenBank. We then used electrophoretic mobility shift assays (EMSA) to determine whether MyoD can actively bind to these sequences. The MyoD-binding sequence (5 0 -GAGC ACCAGCTGCCCTGCT-3 0 ) within the human GEP 5 0 -flanking region was used as a probe. The EMSA revealed that MyoD does bind to the sequence (Fig. 2c, lane 2) . This binding was not affected by the addition of unrelated oligonucleotides, but was inhibited by unlabeled probes (Fig. 2c , lanes 4 and 5). As expected, the addition of antibodies to MyoD resulted in a ''super-shift'' of the complex (Fig. 2c,  lane 3) .
We then performed a chromatin immunoprecipitation (ChIP) assay to further confirm that MyoD binds to the E-box sequence in the regulatory region of GEP gene. ChIP was carried out using C2C12 cells transfected with pCMV-MyoD and -1575GEP-luc for 2 days; after reaching confluency, C2C12 cells were shifted to DM for 3 days. DNA-binding proteins were cross-linked to the DNA using formaldehyde. The cells were lysed, the chromatin was sheared by sonication, and protein-DNA complexes were immunocoprecipitated using IgG (control) as well as antiMyoD antibodies. The DNA recovered from the immunoprecipitation was then amplified by PCR using primers that span the MyoD-binding site. The PCR results demonstrate that DNA bearing the MyoD-binding site was successfully immunoprecipitated by anti-MyoD antibodies (Fig. 2c, d , lane 3), but not by control IgG (Fig. 2d, e, lane 2) . Negative control primers spanning a 5 0 -regulatory region of GEP gene, approximately 2 kb from the MyoD-binding site, did not result in amplification with either the anti-MyoD or control IgG immunoprecipitates (not shown). These results clearly demonstrate that MyoD binds to the E-box sequence within the 5 0 -flanking regulatory region of the human GEP gene in a sequence specific manner. In addition, quantitative ChIP analysis revealed that endogenous MyoD and other key transcription factors for myogenesis, including Myf5 and myogenin, also associated differentially with the regulatory region of the murine GEP gene in the course of myoblast fusion ( Fig. 2f-h ).
MyoD transactivates GEP-specific reporter genes
We next sought to determine whether the binding of MyoD to E-box sequences results in the induction of GEP expression. For this purpose, four deletion reporter gene plasmids (-1575 GEP-luc, -1087GEP-luc, -978GEP-luc, -271GEP-luc) were generated in which segments containing E-box sequences from the 5 0 -flanking region of GEP (-1575 to ?317, -1087 to ?317, -978 to ?317, and -271 to ?317) were placed upstream of a gene encoding luciferase in the pGL3 vector (Fig. 3A) . Transfection of the reporter plasmids into C3H10T1/2 fibroblasts resulted in luciferase expression; constructs containing longer lengths of the GEP 5
0 -flanking region segment demonstrated higher expression levels (Fig. 3B) . Co-transfection of C3H10T1/2 cells with the reporter plasmids and a MyoD expression plasmid strongly increased reporter gene expression in a dose-dependent manner (Fig. 3B) . To dissect the importance of the MyoD-binding site in the 5 0 -flanking region of GEP gene, several point mutation reporter constructs of -1575 GEP-luc were generated ( Fig. 3C) and their transactivation by MyoD tested (Fig. 3D) . Mutations in the 1st MyoD-binding site (closer to transcriptional initiation site) and the 2nd/3rd binding sites resulted in clear reduction in reporter gene activities, whereas mutations in the 4th or 5th MyoD-binding site gave rise to negligible effects on the MyoD-mediated transactivation of the GEP-specific reporter gene.
To further verify the role of MyoD-binding sites in driving GEP expression, the E-box sequence of the -271GEP-luc plasmid was altered (Fig. 3E) . The alteration of three nucleotides (CTG to TGC) severely reduced the transactivation of the reporter gene by MyoD (Fig. 3F) . Following cross-linking with formaldehyde, cell lysates were prepared, sonicated, and subjected to immunoprecipitation with anti-MyoD and control IgG. Purified DNA from the cell lysate as input DNA and DNA recovered from immunoprecipitation were amplified by PCR using specific primers (primer locations indicated by dotted line in a, PCR product size: 211 bp) for the MyoD-binding site within the human GEP 5 0 -flanking region. Interaction between endogenous MyoD and GEP 5 0 -flanking region, assayed by quantitative ChIP. C2C12 cells were shifted to DM and incubated for various time points, as indicated. The cultures were processed as described above and cell lysates were immunoprecipitated with antiMyoD (e), anti-myogenin (f), anti-Myf5 (g), and control IgG. Recovered DNAs from immunoprecipitation were amplified by quantitative PCR (the target for mouse GEP 5 0 -flanking region specific primers was between -932 and -732 upstream the mouse GEP gene, PCR product size: 201 bp), the amplification level of the target gene was normalized to the input, and the relative level on day 0 was set to 1. All experiments were repeated three times. Error bars indicate SEM. * p \ 0.05; ** p \ 0.01 b GEP is a negative regulator of myogenesis 1859
This confirms that the E-box sequences are responsible for driving MyoD-mediated GEP expression.
MyoD upregulates endogenous GEP expression
To determine whether MyoD upregulates endogenous GEP expression (''in vivo'' is deleted), we transfected C3H10T1/2 fibroblasts with MyoD expression plasmid and examined GEP expression with real-time PCR and immunofluorescence microscopy. Transient transfection with pCMV-MyoD led to a 2.7-fold increase in GEP mRNA levels compared to the control (Fig. 3G ). Analysis using immunofluorescence microscopy indicated that MyoD also induced the expression of GEP protein (Fig. 3H) . Following fixation and blocking, C3H10T1/2 cultures were stained with anti-GEP and anti-MyoD antibodies. Cells that had taken up the pCMV-MyoD plasmid (as evidenced by increased MyoD expression) also demonstrated increased GEP expression. This demonstrates that MyoD upregulates endogenous GEP expression in the transfected cells. In order to establish whether GEP transcription is regulated by MyoD physiologically, we examined the effect of knockdown of MyoD on GEP mRNA levels in the course of myotube formation of C2C12 cells. The commercial siRNA targeting MyoD significantly suppressed MyoD expression in C2C12 cells (Fig. 3I ). The knockdown of MyoD dramatically inhibited GEP induction during myoblast fusion (Fig. 3J ).
GEP inhibits myotube formation
To determine the role of GEP in muscle differentiation, we first purified recombinant GEP protein (Fig. 4A, B) . We then utilized phase contrast microscopy to examine the effect of GEP on myogenic differentiation. C2C12 cells were cultured to confluency in GM. Cultures were then shifted to DM in the presence or absence of 100 ng/ml GEP and incubated for 5 days. Normally, C2C12 cells differentiate into myotubes when cultured in the DM (Fig. 4Ca) . However, the presence of 100 ng/ml GEP prevented a confluent culture of C2C12 myoblasts from forming myotubes in DM (Fig. 4Cb ). We confirmed these results using fluorescence detection of myosin heavy chain (MHC). MHC-positive cells were reduced dramatically by GEP (Fig. 4D) . We also used a GEP expression plasmid to observe the effect of GEP on muscle differentiation in living cells. C2C12 myoblasts were transfected with either pEGFP and pcDNA3.1 (1:20) or pEGFP and pcDNA3.1-GEP (1:20) . Following transfection (24 h), the cells were switched to the DM for 5 days. C2C12 cells transfected with control pcDNA3.1 formed normal myotubes (Fig. 4Ea) . However, myotube formation was inhibited in C2C12 cells transfected with pcDNA3.1-GEP (Fig. 4Eb ). Quantitative analysis shows that GEP reduced the rate of myotube formation by fivefold when compared to control (Fig. 4F ).
Knockdown of GEP stimulates myogenic differentiation
Based on our observation that GEP inhibits myotube formation, we next sought to determine whether the knockdown of GEP via a small-interference RNA approach would enhance myogenesis. The expression of pSUPER-GEP, which encodes GEP-siRNA in the pSUPER vector, efficiently suppressed endogenous GEP expression in C2C12 cells (Fig. 5A ). C2C12 myoblasts were transfected with either pEGFP and pSUPER (1:20) or pEGFP and C3H10T1/2 cells at 70% confluency were transfected with pCMV or pCMV-MyoD and cultured for 2 days. Total RNA was extracted from cells and the mRNA levels of GEP and GAPDH were measured by real-time PCR. The units are arbitrary, the relative GEP mRNA level of pCMV transfection group (CTR) was set to 1. ** p \ 0.01. H immunofluorescence staining of MyoD-upregulated GEP expression. C3H10T1/2 cells at 70% confluency were transfected with PCMV-MyoD and cultured for 2 days. Following fixation and blocking, the cultures were stained with anti-GEP (green) and antiMyoD antibodies (red). The nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI) (blue). The representative cells transfected and untransfected with the MyoD-expressing plasmid are indicated with green and red arrows, respectively. Silencing of MyoD inhibits GEP expression in the course of myogenesis. In I, C2C12 cells were transfected with either control siRNA (CTR) or MyoD siRNA (siMyoD, Santa Cruz Biotechnology) and total RNA was collected for real-time RT-PCR. Expression of MyoD was normalized against the GAPDH endogenous control. The normalized values were then calibrated against the control value, here set to 1. ** p \ 0.01. In J, C2C12 cells transfected with either control siRNA (CTR) or MyoD siRNA (siMyoD) were cultured in GM. After reaching confluency, the cultures were shifted to DM (day 0). At various time points, total RNA was extracted from the cells and the mRNA levels of GEP and GAPDH were measured by real-time PCR. The units are arbitrary, and the relative level of GEP mRNA on day 0 was set to 1. All experiments were repeated three times. Bar graphs show mean ± SEM b GEP is a negative regulator of myogenesis 1861 pSUPER-GEP (1:20) . Following transfection (24 h), the cells were switched to DM for 5 days. The C2C12 cells transfected with pSUPER-GEP showed increased rates of myogenic differentiation after 5 days in DM compared to the control (Fig. 5B ). Quantitative analysis showed that pSUPER-GEP increased the rate of myotube formation compared to the control (Fig. 5C ). We generated Grn (gene encodes GEP protein) knockdown mice and found that the knockdown of Grn led to defects in the growth plate chondrocyte differentiation in young mice [19] . We then took advantage of these Grn knockdown mice to determine whether GEP would have any effect on myogenesis in vivo. Interestingly, the muscle fibers of Grn knockdown mice were larger in number but noticeably smaller in size when compared to wild-type muscle fibers ( Fig. 5D-G) .
GEP inhibits the expression of genes specific for myogenesis
Myoblast differentiation is regulated by a host of musclespecific transcription factors, such as MyoD, Myf5, myogenin, and MRF4 [17, 42, 45, 46, 63, 64] . To investigate the molecular mechanism by which GEP inhibits muscle differentiation, we used real-time PCR and Western blotting to detect the expression of MyoD, Myf5, myogenin, and MHC following GEP exposure. C2C12 cells were cultured to confluency in GM. The cultures were then shifted to DM in the presence or absence of 100 ng/ml GEP for the times indicated. Total RNA was extracted from the cells, and the mRNA levels of MyoD, Myf5, myogenin, MHC, and GAPDH were measured by real-time PCR. mRNA levels of MyoD, myogenin, Myf5, and MHC were dramatically reduced following exposure to GEP (Fig. 6a ). This was confirmed by Western blotting with anti-MyoD, anti-MHC, and anti-Tubulin (internal control) antibodies (Fig. 6b ).
Inhibition of myogenesis by GEP depends on JunB
To elucidate the pattern of gene expression following stimulation with GEP, we performed microarray analysis. C2C12 cells were treated with GEP for 0, 0.5, 1, 2, and 4 h, and total mRNA was collected. JunB levels increased as early as 1 h following GEP stimulation, remained high at 2 h, and decreased to near-baseline at 4 h (Fig. 7a) . To confirm JunB expression profiles under GEP stimulation, confluent C2C12 cells were shifted to DM and incubated in the presence of 100 ng/ml of recombinant GEP. Cells were harvested at various time points followed by real-time PCR, Western blotting, and immunofluorescent cell staining. As shown in Fig. 7b , the level of JunB mRNA increased after GEP addition, reached a peak after 1 h (4.2-fold), remained unchanged at 2 h (4.1-fold), and decreased thereafter. We next examined the level of JunB protein by Western blotting (Fig. 7c) . JunB protein was markedly elevated at 4 h and remained at high levels thereafter. Immunofluorescent cell staining showed similar results (Fig. 7d) .
Next, we analyzed whether the inhibition of myogenic differentiation by GEP depends on the induction of JunB expression. We used a p204-specific reporter plasmid, which contains binding sites for MyoD and was well characterized previously [33, 37] . Co-transfection of the reporter plasmid with a MyoD expression plasmid into MyoD-deficient C3H10T1/2 cells strongly increased reporter gene expression (Fig. 8b, column 2) . The addition of GEP blocked this activation (Fig. 8b, column 3) . More interestingly, overexpression of JunB had a similar effect in inhibiting the reporter (Fig. 8b, column 4) , while the silencing of JunB with pSuper-JunB that efficiently suppresses JunB expression (Fig. 8a) was able to partially reverse the effect of GEP (Fig. 8b column 5) . To further examine the dependence of GEP action on JunB in myogenic differentiation, we measured MHC levels following JunB overexpression and silencing. C2C12 cells were transfected with the JunB expression plasmid, pcDNA3.1-JunB, or the JunB silencing plasmid, pSuper-JunB, as indicated (Fig. 8c) . The cells were then shifted to DM and cultured with or without GEP. Total RNA was then extracted and MHC expression levels were analyzed. As expected, both GEP and JunB inhibited MHC expression (Fig. 8c, columns 2-3) . GEP-mediated inhibition was partially lost when JunB was knocked down by siRNA (Fig. 8c, column 4) and was restored when JunB was re-expressed (Fig. 8c, column 5) . These results indicate that the inhibition of myogenic differentiation by GEP depends, at least in part, on JunB.
Discussion
The discovery that GEP is expressed in muscle tissue is a particularly novel finding that formed the basis of our initial inquiry. Using immunohistochemistry, we found that GEP is clearly expressed in the myotubes of newborn mice (Fig. 1a) . This stands in contrast to a previous study based on RT-PCR analysis that found low levels of GEP in the muscle tissue of fish [11] . Using in situ hybridization of Fig. 6 GEP inhibits the expression of genes specific for myogenesis. a GEP inhibits MyoD, Myf5, myogenin, and MHC mRNA expression. C2C12 cells were cultured in GM to confluency and then shifted to DM in the presence or absence of 100 ng/ml GEP. Total RNA was extracted from cells at the indicated time points and the mRNA levels of MyoD, Myf5, myogenin, MHC, and GAPDH were measured by real-time PCR. The expression of MyoD, myogenin, Myf5, and MHC was normalized against GAPDH endogenous control. The units are arbitrary, and the relative level of mRNA on day 0 was set to 1.
All experiments were repeated three times. Bar graphs show mean ± SEM. b Left panel, GEP inhibits MyoD, Myf5, myogenin, and MHC protein expression in the course of myotube formation of C2C12 cells. Total cell extracts obtained at the indicated time points were subjected to SDS-PAGE and Western blotting with anti-MyoD, anti-MHC, and anti-Tubulin (internal control) antibodies. Right panel, Quantitative alternation in the MyoD protein level in response to GEP treatment during myotube formation. The MyoD protein level in GEP-untreated C2C12 cells at day 0 time point was set at 1 adult rodent tissue, another study has also failed to demonstrate GEP expression in differentiated muscle tissue [13] . It may be due to the effects of post-transcriptional processing, an immunostaining analysis of GEP at the protein level that these studies would yield different results than analysis at the mRNA level. However, it is also possible that GEP is differentially expressed at different stages of development and that higher GEP expression levels may predominate in the muscle tissue of newborn mice, in contrast to that of more mature adult rodents.
Our analysis of GEP's role in myogenesis utilized C2C12 myoblasts, which are well established in the study of muscle differentiation [68, 69] . When cultured in a lowserum medium, C2C12 myoblasts undergo myogenic differentiation, as evidenced by the spontaneous fusion of C2C12 myoblasts into myotubes. Using this system, we found that GEP was upregulated early in the process of myogenic differentiation, suggesting that the effects of GEP may predominate in the proliferative phase of myogenesis. This is unsurprising given that GEP is a growth factor with pro-proliferative and tumorigenic effects [6] . Our data indicate that upregulated GEP levels during myogenesis are mediated by the binding of MyoD to E-box sites within the GEP 5 0 -flanking region. In our luciferase reporter-based assays, we found that one particular E-box sequence is sufficient to stimulate reporter gene expression (Fig. 3) . Interestingly, the inclusion of additional binding sites added only modest amounts of reporter activity. Mutation of this site led to the near-complete repression of reporter gene expression, further highlighting the GEP is a particularly potent inhibitor of myogenic differentiation. The overexpression of GEP led to significantly decreased myotube formation (Fig. 4) , while GEP silencing led to an increased number of myotubes in vitro and muscle fibers in vivo (Fig. 5) . Furthermore, when C2C12 cells were cultured in DM, the presence of 100 ng/ml GEP not only prevented the expression of myogenic markers but also led to a *5-fold repression of MyoD and Myf5 (Fig. 6a) . Our data indicate that GEP inhibits myogenesis through, at least partially, the upregulation of the transcription factor JunB. JunB, which is induced by members of the TGF-b superfamily, functions as a key transcriptional factor that drives the cell away from myogenic differentiation and toward osteoblast differentiation [9] . Our microarray analysis found that cellular exposure to GEP, in addition to upregulating JunB, also led to higher expression of many other factors that are associated with the TGF-b signaling pathway. For example, the exposure of C2C12 cells to GEP led to the increased expression of GADD45B, which is an important mediator (24 h ), the cells were shifted to DM and cultured with or without GEP. At day 5, total RNA was extracted and MHC expression levels were determined by real-time PCR, using GAPDH as an internal control. Experiments were repeated three times. The relative MHC expression level of the leftmost bar was set to 1. Compared to the leftmost bar * p \ 0.05; ** p \ 0.01. d A proposed model for explaining the role and regulation of GEP in myogenesis. MyoD induces the expression of GEP, whereas GEP inhibits myotube formation through either the direct inhibition of MyoD expression or the induction of JunB that in turn inhibits MyoD activity [7, 32] . Thus, GEP, JunB, and MyoD constitute a regulatory feedback loop during myotube formation of TGF-b-induced apoptosis [71] . GEP also increased the expression of MADH7 (Smad7), which is induced by TGF-b, and acts in a regulatory negative feedback loop to inhibit Smad2/3, which are effectors of TGF-b signal transduction [22, 43] . Whether GADD45B and Smad7 are also involved in the GEP-mediated inhibition of MyoD remains to be further delineated. Recent studies indicated that GEP acts as the downstream factor of BMP2, a member of TGF-b family, in the course of chondrogenesis [19] . Similar to GEP, BMP-2 was also reported to inhibit the differentiation of myogenic cells by suppressing the transcriptional factor of MyoD [27, 70] . Myostatin, another member of the TGF-b superfamily, is also a negative regulator of skeletal muscle growth [18, 29, 40] . Loss of myostatin function is associated with an increase in muscle mass [41, 53] . Interestingly, the knockdown of GEP led to an increased number of muscle fibers, although they were noticeably smaller in size (Fig. 5) . The smaller-sized myofibers in the Grn knockdown mice could be a result of fiber-type difference with WT mice, and the knockdown mice may have more fast-type myofibers.
Although the details of the mechanism by which JunB inhibits myogenesis remain unclear, JunB has been shown to block the trans-activation of the muscle creatine kinase (MCK) by myogenin and MyoD [32] . MyoD has also been shown to interact directly with the leucine zipper of c-Jun, which is closely related to JunB, both in structure and function [7] . Thus, it is possible that the inhibition of myogenesis by JunB occurs through a direct protein-protein interaction among JunB, MyoD, and other transcription factors. Both the upregulation of JunB (Fig. 7) and the downregulation of MyoD (Fig. 6) were relatively early events in the course of GEP stimulation.
Because of our initial finding that GEP was expressed in murine muscle tissue, it was somewhat surprising to find that GEP inhibits myotube formation (Figs. 4, 5 ). This led us to postulate that GEP may belong to a negative feedback loop. Our data indicate that MyoD, GEP, and JunB are participants in a regulatory feedback loop, in which MyoD induces GEP expression, thereby inducing JunB, which in turn inhibits MyoD (Fig. 8d) . We have also established the specific mechanism by which MyoD induces GEP, namely, by binding to specific sites within the GEP 5 0 -flanking region. It appears that GEP's action in this regard at least partially depends on JunB, since the silencing of JunB reverses the inhibitory effect of GEP (Fig. 8) . It is conceivable that intracellular GEP may also exert its inhibitory effect by binding directly to and inhibiting MyoD and/or other transcription factors.
In conclusion, we have identified GEP as a MyoDinducible growth factor that acts as a novel regulator of myogenic differentiation. GEP is able to inhibit myotube formation in vitro and has modulatory effects on muscle tissue development in vivo. GEP functions in concert with JunB and MyoD to participate in a regulatory feedback loop, in which the transactivation of GEP expression by MyoD leads to a GEP-mediated suppression of myogenesis, a process that involves the expression of JunB. The elucidation of GEP's role and molecular events involved in myogenic differentiation will better our understanding of normal muscle development and the pathogenesis of muscle disease.
Materials and methods
Plasmid constructs
To obtain human GEP protein expression plasmids, fulllength GEP cDNA was inserted into the KpnI/HindI sites of the pcDNA3.1 expression vector (Clontech). The GEP-specific reporter gene plasmids -1575GEP-luc, -1087GEP-luc, -978GEP-luc, and -271GEP-luc were constructed from four PCR amplicons from human genomic DNA (Clontech) (nucleotides -1575 to ?317, -1087 to ?317, -978 to ?317, and -271 to ?317) (Fig. 3a) using four sets of primers (5 0 -tacgagctcagcaggccaggtgtctt atcc-3 0 and 5 0 -gtcaagcttctgttgtctccggctgagact-3 0 ; 5 0 -tacgag ctccactggcattgaacatggca-3 0 and 5 0 -gtcaagcttctgttgtctccggct gagact-3 0 ; 5 0 -tacgagctccagactcagctcaaggagat-3 0 and 5 0 -gtca agcttctgttgtctccggctgagact-3 0 , 5 0 -tacgagctcagatcgtgccactgc actcc-3 0 and 5 0 -gtcaagcttctgttgtctccggctgagact-3 0 ). The PCR amplicons were digested with SacI and HindI and inserted into a pGL3 vector (Promega) previously cleaved with SacI and HindI. The mutation in the -271GEP-luc plasmid (Fig. 3c) was carried out by the Quik Change XL Site-Directed Mutagenesis kit (Stratagene). An oligonucleotide containing three mutations (5 0 -GGCGACGAGCA CCAGTGCCCCTGCTGAGGCTGT-3 0 ; the underlined triplet indicates a C to T, T to G, and G to C change of the original sequence) and a second oligonucleotide (5 0 -ACA GCCTCAGCAGGGGCACTGGTGCTCGTCGCC-3 0 ) were used in a PCR reaction under the following conditions: 95°C for 2 min (1 cycle) and 95°C for 1 min, 60°C for 50 s, and 68°C for 10 min (18 cycles). The presence of the mutations in the plasmid (-271mutantGEP-luc) was confirmed by nucleotide sequencing.
Generation and selection of GEP and JunB siRNA expression constructs For GEP silencing, two regions of mouse GEP were targeted by small interfering RNA (siRNA) using the pSUPER vector (OligoEngine) according to the manufacturer's instructions. To generate siRNAs, equimolar amounts of complementary sense and antisense strands were separately mixed, annealed, and slowly cooled to 10°C in a 50 ll reaction buffer (100 mM NaCl and 50 mM HEPES, pH 7.4). The annealed oligonucleotides were inserted into the BglII/HindIII sites of pSUPER. The resultant plasmids and empty control vector were transfected into C2C12 cells using the Lipofectamine 2000 reagent (Invitrogen), and the GEP expression was determined using real-time PCR. The data demonstrated that both siRNAs corresponding to different coding sequences of the GEP gene (5 0 -GCCTA T CCAAGAACTACAC-3 0 and 5 0 -AACTACACCACGGAT CTCC-3 0 ) were able to effectively reduce the expression of mouse GEP. To silence JunB expression, the target sequence 5 0 -GACCAGGAGCGCATCAAAG-3 0 has been previously validated [57] and was inserted into the BglII/HindIII sites of the pSUPER vector. The siRNA targeting MyoD and nontargeting siRNA were purchased from Santa Cruz Biotechnology, Inc.
Generation of GEP-stable cell lines and purification of His-tagged recombinant GEP protein Stable cell lines were established by transiently transfecting HEK293 cells with pcDNA3.1-GEP plasmid. Following transfection (24 h), cells were split into 15-cm culture plates and selected with 1 mg/ml G418 (Sigma) in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS (GIBCO) under an atmosphere of 5% CO 2 at 37°C. After 2 weeks, individual colonies were picked, expanded, and analyzed by Western blotting for GEP expression. Stable cell lines were maintained with G418 (200 lg/ml).
Stable cell lines expressing human Myc/His-GEP were cultured in DMEM supplemented with 10% fetal bovine serum and 200 lg/ml G418. When confluency was reached, the cells were grown with serum-free medium for 2 days. The medium was then collected. ProBond resin (Invitrogen) was prepared by washing with one bed volume of binding buffer (0.5 M NaCl and 20 mM sodium phosphate, pH 7.8). The medium and resin were mixed overnight at 4°C (200 ll of resin/100 ml of medium). The resin was pelleted by centrifugation at 1,000 rpm and then washed five times with ten volumes of binding buffer. Bound protein was eluted by sequential washes with binding buffer containing 250 mM of imidazole. The washes and eluted protein fractions were subjected to SDS-PAGE and examined by Coomassie Blue staining and Western blotting to assay the presence and purity of recombinant protein.
Immunohistochemistry
For histologic examination, tissue samples from newborn mice were immediately fixed in 4% paraformaldehyde/ phosphate-buffered saline for 1-3 days at 4°C after dissection. The decalcified specimens were washed 3-4 times for 30 min (15-20 9 volumes for all washes) in PBS, dehydrated with gradually increasing concentrations of ethanol (50% ethanol for 1 h, 70% ethanol for 1 h, 70% ethanol for 1 h, 95% ethanol for 1 h, 95% ethanol for 1 h, 100% ethanol for 1 h, 100% ethanol for 1 h, xylene for 1 h, xylene for 1 h), and embedded in paraffin. Then, 5-lm formalin-fixed paraffin sections of muscle tissue were immunostained for GEP and counterstained with hematoxylin and eosin (H&E). The paraffin sections were rehydrated with graded alcohols to water following procedures (xylene 5 min, 100% ethanol 5 min, 95% ethanol 5 min, 70% ethanol 5 min, distilled H 2 O 1 min) and were pretreated with chondroitinase (Sigma) for 30 min at 37°C followed by protein blocking (Dako Serum-Free Protein Block) for 10 min at room temperature to reduce nonspecific staining. The sections were then incubated with anti-GEP antibodies (1:100), which was well characterized in our previous publications [19, 21, 60, 66] . For detection, the sections were incubated with anti-goat antibodies linked to a streptavidin label from the Super Sensitive Alkaline Phosphatase (BioGenex). We used 0.5 mg/ml DAB (3, 3 0 -diaminobenzidine) in 50 mM Tris-Cl substrate (Sigma) for visualization, and sections were counterstained with Methyl green. For H&E staining, the sections were fixed in 1% glutaraldehyde for 1 min and then immersed in hematoxylin for 30 s. After washing with alcohol acid and ammonia water, the sections were immersed in eosin for 15 s. Following each step, the sections were rinsed with distilled water.
Luciferase reporter gene assay C3H10T1/2 cells grown to 70% confluency in DMEM supplemented with 10% FBS in six-well plates under an atmosphere of 5% CO 2 at 37°C were transfected with 1 lg of one GEP specific reporter plasmid or mutant (-1575 GEPluc, -1087GEP-luc, -978GEP-luc, -271GEP-luc, -1575 GEP(mut1)-luc, -1575GEP(mut2&3)-luc, -1575GEP (mut4)-luc, -1575GEP(mut5)-luc, or -271mutantGEP-luc) using the Lipofectamine 2000 reagent (Invitrogen). Various amounts of pCMV-MyoD were then co-transfected and the pCMV vector was added to bring the total amount of transfected DNA to 5 lg. To detect the effect of JunB on myogenic differentiation, 1 lg p204-specific reporter plasmid was transfected. pCMV-MyoD (2 lg), pcDNA3.1-JunB (1 lg), or psuper-JunB (1 lg) were cotransfected as indicated, and the pCMV vector was added to bring the total amount of transfected DNA to 6 lg. The cells were then cultured with or without GEP. In each case, a pSVgal internal control plasmid (1 lg) was co-transfected. The cultures were harvested after 48 h following transfection. Cell cultures were rinsed twice with PBS and Add Lysis Solution (100 mM potassium phosphate [pH 7.8], 0.2% Triton X-100, 1 mM DTT) to cover the cells. Cells were detached from the plate with a cell scraper, and the cell lysate was transferred to a microfuge tube. We then froze the cells at -80°C for 20 min, thawed the cells in a 37°C water bath, and vortexed the tube for 10-15 s. They were then centrifuged for 2 min to pellet debris. We then transferred extracts (supernatant) to a fresh tube and used them immediately. Luciferase and b-galactosidase activities were analyzed using the Luciferase Reporter Gene Assay (Boehringer Mannheim) and the b-Galactosidase Enzyme Assay System (Promega) by GloMax . To determine the specificity of binding, the nuclear extracts were incubated with 100-fold molar excess of unlabeled probes, non-relevant oligonucleotides, or 2 lg anti-MyoD antibody (Santa Cruz) for 30 min prior to in vitro DNA binding. The protein-DNA complexes were resolved on native pre-run 6% polyacrylamide gels in a 0.5 9 TBE buffer at 150 V for 1-1.5 h. The gels were then electrotransferred to positively charged nylon membranes (Roche). The DNA complexes were cross-linked to the membranes at 120 mJ using the Stratalinker UV Crosslinker (Stratagene). Subsequently, electro-blotting and chemiluminescent detection were performed according to the protocol provided in the DIG Gel Shift Kit.
Chromatin immunoprecipitation (ChIP) assay
The C2C12 cells grown to 70% confluency in GM were co-transfected with pCMV-MyoD and -1575GEP-luc for 2 days, or C2C12 cells grown to confluency in GM were shifted to DM (DMEM supplemented with 0.5% horse serum) for 3 days. Using a ChIP assay kit (Upstate Biotechnology), cells were treated with formaldehyde (adding formaldehyde directly to culture medium to a final concentration of 1%), incubated at 37°C for 10 min, and then washed with cold phosphate buffered saline containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF), 1 g/ml aprotinin, and 1 g/ml pepstatin A) and lysed in SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl [pH 8.1]). The lysates were sonicated to shear the DNA to a length between 200 and 500 bp. The sonicated supernatant fraction was diluted with ChIP dilution buffer (0.01% SDS, 1% Triton 9100, 2 mM TrisHCl [pH 8.1], and 150 mM NaCl) and incubated with antiMyoD antibodies (Santa Cruz) or preimmune serum with rotation at 4°C overnight. To collect the DNA-protein complexes, a salmon sperm DNA-protein A-agarose slurry was added to the mixture and incubated with rotation at 4°C for 1 h, and the DNA-protein-agarose was pelleted by centrifugation. After extensive washing of the pellet with a series of buffers (Low Salt Wash Buffer, High Salt Wash Buffer, LiCl Immune Complex Wash Buffer, and 19 TE Buffer [10 mM Tris, 8.1, 1 mM EDTA]), the pellet was dissolved in 250 ll elution buffer (1% SDS, 0.1 M NaHCO3, 0.01 mg/ml Herring sperm DNA) and centrifuged to remove the agarose. The supernatant fraction was treated with 20 ll of 5 M NaCl and heated to 65°C for 4 h to reverse the protein-DNA crosslinking. After treatment with EDTA and proteinase K, the supernatant fraction was extracted with phenol-chloroform and precipitated with ethanol to recover the DNA. For amplification of the GEP 5 0 -regulatory region, 10% of the immunoprecipitated DNA was amplified using PCR with the primers 5 0 -CAC AAA TAT TCC CAA TTC A-3 0 and 5 0 -TCC TCC CTG CTT CCT C-3 0 for MyoD-binding site in human GEP 5 0 -reglatory region and 5 0 -GCA TAA GCA ATG GTC TG-3 0 and 5 0 -GGG TCA GCC ATA CAG TT-3 0 for MyoD-binding site in mouse GEP 5 0 -reglatory region. Forty-five cycles of PCR (at 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s) were performed. The PCR products were analyzed by electrophoresis in a 3% agarose gel.
In order to determine whether endogenous MyoD, myogenin, and Myf5 associate with the regulatory region of GEP gene in the course of myogenesis, C2C12 cells grown to confluency in GM were shifted to DM (DMEM supplemented with 0.5% horse serum) for 1, 3, 5, or 7 days. The cultures were processed as described above and the immunoprecipitated DNAs with anti-MyoD, antimyogenin, and anti-myf5 antibodies were amplified by quantitative real-time PCR under the following conditions: 40 cycles at 95°C for 15 s and at 60°C for 1 min. GAPDH was employed as an internal control. For each gene, three independent PCRs were performed.
RNA preparation and real-time PCR C2C12 cells and C3H10T1/2 cells were cultured in GM. After reaching confluency, the C2C12 cultures were shifted to DM in the presence or absence of 100 ng/ml GEP for various times, as indicated. C3H10T1/2 cells at 70% confluency were transfected with pCMV and pCMV-MyoD using Lipofectamine 2000 Reagent (Invitrogen) and cultured for 2 days. C2C12 cells at 70% confluency were co-transfected with pcDNA3.1-JunB and/or pSuper-JunB, as indicated. To determine whether knockdown of MyoD affects the expression of GEP during myotube formation, C2C12 cells were transfected with either control siRNA (CTR) or MyoD siR-NA (siMyoD, Santa Cruz Biotechnology) were cultured in GM. After 24 h, the cells were shifted to DM in the presence or absence of 100 ng/ml GEP for 5 days. Total RNA was extracted from cells using the RNAeasy Kit (Qiagen). 1 lg total RNA per sample was reverse-transcribed using the ImProm-II Reverse Transcription System (Promega). The following sequence-specific primers were synthesized: and 5 0 -CATACCAGGAAATGAGCTTG-3 0 for mouse GAPDH. Then, 50-ll SYBR Green PCR reactions were performed in a 96-well optical reaction plate formatted in the 7300 Sequence Detection System (Applied Biosystems) using the following PCR conditions: 40 cycles, 95°C for 15 s, 60°C for 1 min. GAPDH was employed as an internal control. The assay was performed in triplicate. The presence of a single specific PCR product was verified by melting curve analysis, confirmed on an agarose gel, and further sequenced by the Applied Biosystems Sequencing System (Applied Biosystems).
The comparative C T method (DDC T ) was used for relative quantitation of gene expression. The calculations for the quantitation start with getting the difference (DC T ) between the C T values of the target and the normalizer (GAPDH): DC T = C T (target) -C T (normalizer). This value was calculated for each sample to be quantitated. One of these samples, such as day 0, was chosen as the reference (baseline) for each comparison to be made. The absolute C T value of GEP mRNA level in RT-PCR was 18-25 cycles. The comparative DDC T calculation involves finding the difference between each sample's DC T and the baseline's DC T . The formula is: comparative expression level = 2 -DDCt . Microsoft Excel was used to do these calculations by simply entering the C T values. Finally, the level of reference was set at 1 and the relative expression of gene at other conditions was calculated.
Microarray analysis C2C12 cells were cultured in GM. After reaching 90% confluency, the C2C12 cultures were shifted to serum-free DMEM for 24 h. The cells were then stimulated with 100 ng/ml GEP. At various times, total RNA was extracted from the cells for microarray analysis. Transcript expression profiling was assessed at the New York University Genomics Core lab using Affymetrix U133Plus2.0 GeneChips. Briefly, sample processing was performed according to the Affymetrix WT protocol (http://www.affymetrix. com/support). The gene-level log-scale robust multiarray analysis sketch algorithm (Affymetrix Expression Console and Partek Genomics Suite 6.2) was used for crude data analysis. Genes were filtered and analyzed using fold change calculations and unsupervised hierarchical cluster analysis (Spotfire DecisionSite for Functional Genomics).
Immunofluorescent cell staining
Cultures of C2C12 cells and/or C3H10T1/2 cells were plated on glass coverslips, coated with polylysine, and grown in GM. Confluent C2C12 cultures were shifted to DM in the presence or absence of 100 ng/ml GEP. C3H10T1/2 cells at 70% confluency were transfected with pCMV-MyoD using the Lipofectamine 2000 Reagent (Invitrogen) and cultured for 2 days. For staining, the cells were washed with 4°C phosphate buffered saline (PBS), fixed with 100% methanol in the freezer compartment for 5 min, washed twice in 4°C PBS for 5 min, and then incubated with 30% goat serum in phosphate-buffered saline for 30 min. The cells were then incubated with primary antibodies (i.e., goat polyclonal anti-GEP antibodies [Santa Cruz], rabbit polyclonal anti-MyoD antibodies, mouse monoclonal anti-MHC antibodies [Hybridoma Bank], or rabbit polyclonal anti-JunB antibodies [Santa Cruz]) at room temperature for 1 h. After washing with phosphate-buffered saline, the coverslips were incubated with secondary antibody (i.e., chicken antigoat IgG conjugated with rhodamine [Santa Cruz Biotechnology; diluted 1:100] and goat anti-rabbit IgG conjugated with fluorescein isothiocyanate [Santa Cruz Biotechnology; diluted 1:100]) for 1 h. In each case, the nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI). The specimens were washed with phosphate-buffered saline and observed under a fluorescence microscope with appropriate optical filters. Microscopic images were captured using Image Pro (Media Cybernetics) and an Olympus microscope. Images were arranged using the Adobe Photoshop program.
Western blotting C2C12 cells were cultured in GM. After reaching confluency, the cultures were shifted to DM in the presence or absence of 100 ng/ml GEP for the times indicated. HEK-293EBNA cells were transfected with pcDNA3.1 vector or pcDNA3.1-JunB for 2 days. Total cell extracts were subjected to SDS-PAGE and examined by Western blotting with rabbit polyclonal MyoD antibody (Santa Cruz), mouse monoclonal anti-MHC antibody (Hybridoma Bank), rabbit polyclonal JunB antibody (Santa Cruz), mouse monoclonal anti-c-myc antibody (Santa Cruz), or mouse monoclonal anti-Tubulin antibody (Promega) (internal control), followed by anti-mouse IgG conjugated to horseradish peroxidase or anti-rabbit IgG conjugated to horseradish peroxidase at 1:1,000 dilution. The signals were detected using the ECL chemiluminescent system (Healthcare Life Sciences).
Statistical analysis
Results were expressed as means ± SEMs. Statistical difference was calculated by Student's t test using SPSS software (SPSS Inc, Chicago, IL). p \ 0.05 was considered significant.
